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Primates living in seasonal forests must adapt to extreme fluctuation in resource availability. 
Verreaux’s sifaka (Propithecus verreauxi) live in Madagascar’s highly seasonal tropical dry 
forests and experience periods of extreme resource abundance and scarcity. Home- range and 
core-area size were measured using 95% and 50% kernel estimation, and 95% minimum convex 
polygons to compare seasonal shifts in space use based on resource availability. There have been 
no long-term space use studies on Verreaux’s sifaka; therefore, we do not know how their space 
use changes over time in an environment which is both highly seasonal and highly variable. Our 
study leverages over a decade worth of spatial data on Verreaux’s sifaka in Kirindy Mitea 
National Park to compare seasonal changes in home-range and core-area size as well as use 
Enhanced Vegetation Index (EVI) data to see how home range and core area vary with seasonal 
fluctuations in food availability. We show shifts in home range and core area by mapping 
seasonal group ranges over seasonally averaged EVI values. Our study provides the most 
comprehensive analysis of space use in Verreaux’s sifaka. We found both home range and core 
area contracted in the scarce season, and EVI was a positive predictor of home-range and core-
area size. This study supports the hypothesis that home range and core area contract during the 
resource scarce season as well as sheds insight into how these sifaka may respond to higher 





SEASONAL VARIATION IN HOME-RANGE AND CORE-AREA SIZE IN VERREAUX’S 
SIFAKA 
Introduction 
The way in which primates use space within their environment is dependent on many 
ecological factors such as availability of resources, intra and inter-specific competition, predation, 
and abiotic factors such as temperature and precipitation (Coleman and Hill 2014; Erkert and 
Kappeler 2004; Gould and Sauther 2007; Robbins and McNeilage 2003; Van Belle, Grueter, and 
Furuichi 2020). Home-range and core-area size are commonly reported measures of space use, and 
seasonal variations in movement are often reflected in these values. Furthermore, mapping spatial 
locations of home range over time may reveal seasonal range shifts that would otherwise go 
undetected by describing only a single snapshot (season or year) of a species’ home range. 
Primates living in seasonal environments are adept at dealing with fluctuating resource 
availability throughout the year; they use a variety of strategies to cope with periods of food 
shortage. Some respond by increasing search time for food which is reflected by increases in 
various measures such as: foraging time (Gursky 2000; Overdorff 1993), daily distance traveled 
(Anderson 1981; Raemaekers 1980), and/or seasonal home range size (Clutton-Brock 1975; 
Volampeno, Masters, and Downs 2011). In extreme cases, some (e.g., Eulemur species) may even 
migrate to areas outside of their typical range during months of seasonal transition to deal with 
periods of decreased food availability (Overdorff 1993; Sato 2013). Conversely, other primates 
respond to periods of food shortage by limiting movements to save energy during lean times. Some 
species hibernate (e.g., Cheirogaleus medius) or undergo daily torpor (Microcebus murinus) during 
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periods of food scarcity, while others employ a “hunker down” strategy and minimize their travel 
by relying only on food resources nearby (Wright 1999). In so doing, the “hunker down” species 
must consume less-preferred resources of relatively poor nutritional quality when their preferred 
foods aren’t nearby. These foods are often referred to as fallback foods and are consumed in 
smaller quantities when other, more nutritious foods are less available (Constantino and Wright 
2009; Irwin 2008; Irwin, Raharison, Raubenheimer, Chapman, and Rothman 2014; Meyers and 
Wright 1993). By relying on fallback foods, primates may thus actually decrease their path length 
and/or home range during times of food scarcity (Irwin 2008; Norscia, Carrai, and Borgognini-
Tarli 2006). 
Primates living in seasonal environments are adept at dealing with fluctuating resource 
availability throughout the year; they use a variety of strategies to cope with periods of food 
shortage. Some respond by increasing search time for food which is reflected by increases in 
various measures such as: foraging time (Gursky 2000; Overdorff 1993), daily distance traveled 
(Anderson 1981; Raemaekers 1980), and/or seasonal home range size (Clutton-Brock 1975; 
Volampeno, Masters, and Downs 2011). Conversely, other primates respond to periods of food 
shortage by limiting movements to save energy during lean times. Some species hibernate (e.g., 
Cheirogaleus medius) or undergo daily torpor (Microcebus murinus) during periods of food 
scarcity; while others employ a “hunker down” strategy and minimize their travel by relying only 
on food resources nearby (Wright 1999). In so doing, the “hunker down” species must consume 
less-preferred resources of relatively poor nutritional quality when their preferred foods are not 
nearby. These foods are often referred to as fallback foods and are consumed in smaller quantities 
when other, more nutritious foods are less available (Constantino and Wright 2009; Irwin 2008; 
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Irwin, Raharison, Raubenheimer, Chapman, and Rothman 2014; Meyers and Wright 1993). By 
relying on fallback foods, primates may thus actually decrease their path length and/or home range 
during times of food scarcity (Irwin 2008; Norscia, Carrai, and Borgognini-Tarli 2006). 
The island of Madagascar supports over 100 species of primates; however, due to poor soils 
and unpredictable climate (paired with a consistently cold winter), food resources available to the 
island’s lemurs are unpredictable and seasonally scarce (Wright 1999). The most seasonal 
of the forest habitats in Madagascar are the tropical dry forests (TDFs) found in the western and 
southern regions of the country. Vegetation types of Madagascar’s TDFs include spiny or 
xerophytic, gallery, and dry deciduous forests (Waeber et al. 2015). Despite seasonally harsh 
conditions, Madagascar’s TDFs host a higher density of lemurs than Madagascar’s rainforests 
(Ganzhorn et al. 1999). Of the diurnal lemur taxa found in TDFs, the sifaka lemurs are the most 
numerous. Five species of sifaka live in Madagascar’s TDFs and among these, Verreaux’s sifaka 
(Propithecus verreauxi) are the most numerous and have the most widespread distribution 
(Mittermeier et al. 2010). 
Verreaux’s sifaka live in groups of variable size (2-16 individuals) and are found in dry 
deciduous, gallery, and spiny forests in southern and western Madagascar (Mittermeier et al., 
2010). Generally, they form groups with multiple males and females, but they may also reside in 
single male, multi-female groups (Port, Johnstone, and Kappeler 2012). Females are the dominant 
sex in Verreaux’s sifaka groups, just as with several other lemur species (e.g. Indri Indri, Varecia 
Variegata, Microcebus murinus, and Lemur catta) (Sauther 1993). The dominant female dictates all 
group movements, and her energetic needs influence the movements of the entire group. Females 
give birth during the onset of the scarce season and lactate throughout this whole period. The 
4 
compromised energetic condition associated with lactation likely influences the degree to which 
females are willing to travel (Lewis and Kappeler 2005). Males and females use fat reserves 
acquired during the wet season to survive the dry season (Richard, Dewar, Schwartz, and 
Ratsirarson 2000; Richard, Dewar, Schwartz, and Ratsirarson 2002). As sifaka body mass 
decreases during the dry season, females likely decrease movements to conserve energy for 
lactation. 
Verreaux’s sifaka (Propithecus verreauxi) are primarily folivorous, however their diet 
varies throughout the year with changes in forest phenology (Koch, Ganzhorn, Rothman, 
Chapman, and Fichtel 2017; Richard 1974). When resources are abundant, sifaka preferentially 
select high value food items over abundant ones to incorporate a diversity of fruits, flowers, and 
young leaves (Koch et al. 2017; Lewis and Kappeler 2005). Plant parts with high protein and low 
fiber content, such as young leaves, fruits, and seeds, are more easily digested and have high 
nutritional value (Koch et al. 2017); however, these are largely unavailable during the dry season 
in TDFs (nutrient dense baobab seeds are the exception) (Wickens 2008). As temperature and 
rainfall decrease, leaves on deciduous trees mature and eventually drop. Most fruits and flowers are 
absent during the scarce season. Due to the low water availability, the most abundant vegetation 
during the dry season is mature leaves and these represent the sifaka’s primary food resource at 
that time (Richard 1974; Simmen, Hladik, and Ramasiarisoa 2003; Yeager and Kool 2000). 
However, mature leaves are more difficult to digest compared to preferred young leaves. 
Sifaka balance their nutrient intake across seasons; however, overall caloric consumption decreases 
during the dry season (when digestion time of leaf material increases) and sifaka lose body mass 
(Yamashita 2008). Based on prior research, it appears that the home-range size of Verreaux’s 
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sifaka decreases during the dry season because individuals (and especially the females) are 
conserving energy by making use of the more uniformly distributed mature leaves (Norscia et al. 
2006). 
Gross primary productivity (GPP) is low during the resource scarce season in TDF while it 
is relatively high during the resource abundant period when new leaves are flushing. The Enhanced 
Vegetation Index (EVI) is a measure of GPP that may be obtained from remotely sensed imagery 
of forest vegetation (Rahman, Sims, Cordova, and El‐Masri, 2005). It has been likened to a 
measure of forest greenness (Ronchetti, Mayer, Facchi, Ortuani, and Sona 2020). 
EVI values are high when trees are flush with green leaves and a diversity of fruits and 
flowers are available as during the sifaka’s resource abundant period. Values steadily decline into 
the dry season as leaves undergo senescence; EVI then plummets when leaves drop. Areas with 
high EVI values represent those with highest GPP and therefore, the greenest vegetation. Sifaka 
likely select greener areas of the forest during all seasons; therefore, areas with higher EVI values 
are likely good predictors of where sifaka will spend most of their time. 
In previous studies of seasonal home range variation in Verreaux’s sifaka researchers 
concluded that sifaka contract their daily path length, core area, and home range during the lean 
season due to the uniform distribution of mature leaves (the primary food item during the lean 
season) (Norscia et al. 2006; Richard 1974). Norscia et al. found home range, core area, and daily 
path length were significantly greater during the wet season compared to the midpoint of the dry 
season. Additionally, there was significant variation from mid to late dry season with late dry 
season home range, core area, and daily path length values being greater. Food value increases in 
the late dry season when more flowers and young leaves become available (Norscia et al. 2006). 
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Therefore, when GPP was at its lowest (which can be quantified with EVI) sifaka traveled less. 
Most prior studies of home range are based on single seasons movements. In those cases where 
both seasons were fully represented, data was still only collected over single year. 
Here, we leverage over a decade’s worth of sifaka observations to construct seasonal home 
ranges for multiple groups to 1) directly compare home range size to food availability (as measured 
by EVI); and 2) map the spatial arrangement of home ranges of groups over time by season. We 
expected these sifaka to respond to seasonal changes in food availability similarly to other 
Verreaux’s sifaka populations. We hypothesized home-range and core-area size to contract during 
the scarce, resource limiting season when EVI values are low. 
Methods 
Study Area  
Kirindy Mitea National Park (KMNP) is located within the Menabe Region along the west 
coast of Madagascar. The park is one of the largest in Madagascar at 140,000 ha and has a 
diversity of habitats ranging from mangroves, spiny thicket, and western dry deciduous forest 
(Lewis and Rakotondranaivo 2011). This study took place at the Ankoatsifaka Research Station 
situated within dense tropical dry deciduous forest in the north/central region of the Park (Figure 1). 
The research station was established by R. Lewis in 2005 when she designated a 100-ha plot of 
forest (20° 47’69 S, 44°9’88 E) as a long-term study site and cut trails at 25-meter intervals (both 
north to south and east to west) thus creating 25 square meter quadrats. R. Lewis habituated and 
has since uniquely identified all adult individuals (with cat collars and tags) in eight groups of 
Verreaux’s sifaka. At least one individual per group has been fitted with a radio collar to facilitate 
daily monitoring efforts (Furnell, Blanchard, Crompton, and Sellers 2015). 
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The 100-ha study area is composed of dry, deciduous forest and experiences a highly 
seasonal climate with distinct wet and dry seasons. Kirindy Mitea National Park receives an 
average of 700 mm of rain annually with the majority falling between January and February. 
Temperatures plummet to as low as 7°C during the dry season and reach 40°C during the wet 
season (Lewis and Axel 2019). The wet season, or forest green-up period, is from December— 
March, and the dry season, or senescence, is from April —November (Lewis and Axel 2019). The 
period of peak vegetation lags a few weeks behind the onset of the rainy season, and the period of 




Figure 1: Map of Ankoatsifaka Research Station within Kirindy Mitea National Park.  
The research station is in the north/central region of the park (left). Each point on the grid (right) 





Resource Abundant and Scarce Seasons 
We identified and defined two periods of resource availability: the period of resource 
abundance from December—March, and the period of resource scarcity from July—October 
(sensu Lewis and Axel 2019). These four-month seasons provide the greatest contrast in resource 
availability in this seasonally variable environment. Because a single wet season (and, 
consequently, our resource abundant period) spans two calendar years, the resource abundant 
season for a given year begins in December of the previous year. For example, the 2008 resource 
abundant season includes December 2007, January 2008, February 2008, and March 2008 (Figure 
2). Using MODIS satellite vegetation index data, we mapped the seasonal phenology of resource 
scarce and abundant periods from December 2007 – October 2019. 
We selected Enhanced Vegetation Index (EVI) data to characterize leaf resources available 
to sifaka in the 100-ha study “grid” over the study period. EVI is a measure of canopy greenness 
and allows us means to monitor gross primary productivity (GPP) remotely. EVI provides highly 
accurate estimates of GPP, particularly in deciduous forests (Rahman et al. 
2005); it is more accurate than NDVI data in dense forests because it is less sensitive to 
atmospheric noise and does not saturate in areas with high biomass (Huete et al. 2002). 
We downloaded EVI 16-day composite images as MODIS Terra (MOD13Q1) and Aqua 
(MYD13Q1), projected them to UTM zone 38 South, and then clipped the data to the 1 km² study 
grid. Pixel resolution is 250 m and there were, thus, 36 pixels in each final image. In total there 
were 3-4 images downloaded for each month over the period 2007 – 2019. Using the gimms 
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package in R, we created monthly maximum value composite EVI images (MVCs) using the 
greatest monthly value recorded at each pixel location from each set of monthly files; see Figure 2 
for sample graph (Detsch 2016). MODIS EVI data were downloaded with pixel values ranging 
from 0 – 10,000; we rescaled these values to range 0 – 10. We then averaged maximum monthly 
EVI values over the 4-month resource abundant and resource scarce seasons to create final maps 
for a total of 8 resource abundant seasons and 8 resource scarce seasons. 
 
 
Figure 2: Monthly maximum value composite of Enhanced Vegetation Index (EVI) in 2008. 







Verreaux’s sifaka in KMNP live in cohesive units with an average group size of 6 
individuals (Leimberger and Lewis 2017). Individuals within a group maintain proximity with one 
another throughout the day; therefore, groups were considered a single unit when estimating home 
range size. Eight different groups consisting of 2-6 individuals were included in this study. Group 
size and composition changed over the duration of this study due to the dispersal of males and 
females from their natal groups. Males disperse more often than females and frequently change 
groups every 3 years (Leimberger and Lewis 2017). One group, Group 5, gradually dissolved over 
the course of the study and Group 12 moved into its previous range. 
The Ankoatsifaka monitoring team collected data year-round on habituated sifaka groups 
using 30-min focal animal sampling at 3 min intervals on all adults and juveniles. Social behaviors 
are not very common in Verreaux’s sifaka and were recorded ad libitum for all individuals. Groups 
were followed on a rotating schedule with each group followed for about 3 days. Team members 
recorded quadrat identifiers as locational data for all observations (Leimberger and Lewis 2017; 
Lewis 2008). Geographic coordinates were collected at the southwest corner of each 25 m2 quadrat 
(i.e., the quadrat identified) and field locational quadrat data were joined with GPS coordinates for 
home range analysis. We used data collected from 2007 – 2019 to compare differences in home 
range and core area size based on food availability. 
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Home Range Calculation 
Many groups were followed over the period 2007 – 2019, but we limited our home range 
analysis to those groups with 1) a minimum of 100 observations per season (with a single 
exception, Group 6 with 84 observation), and 2) with data available for both seasons in a given 
year. A complete list of groups included in home range analysis for each year and season can be 
found in the Appendix 1. 
We separated sifaka locational data into resource abundant (December – March) and 
resource scarce (July – October) seasons for each year to create 95% minimum convex polygons 
(MCP’s) and 95% fixed kernel density estimates (KDE’s) (Boyle, Lourenço, Da Silva, and Smith 
2009). We calculated seasonal home ranges for each group via MCP’s using the mcp and mcp.area 
function in the adehabitatHR package (Calenge 2006), and calculated home ranges via KDEs using 
the kernelUD and getverticeshr functions. We present results from both methods so that our data 
may be more easily compared with other studies on primate space use. We created seasonal home 
range estimates by group over a 12-year period from 2007 – 2019 in R 3.6.1 (R Core Team 2020) 
using the package adehabitatHR (Calenge 2006). Data was not collected in 2009 due to Cyclone 
Fanele. Data collected in 2010, 2011, and 2013 were insufficient to calculate home ranges. We 
therefore analyzed home ranges for a total of 8 years over the period 2007 – 2019. 
Kernels provide a more accurate estimation than MCP’s because they are less influenced by 
sample size and outliers (Wartmann, Purves, and van Schaik 2010). Kernels create a utilization 
distribution which shows where individuals are more likely to be located (Worton 1989). We used 
95% of all fixes (spatial points per season) to estimate home ranges via KDE’s (Worton 1989; 
Worton 1995) and selected the reference smoothing parameter (href) because 1) it is less dependent 
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on sample size than least squares cross validation (LSCV) smoothing parameter, and 2) it has a 
lower rate of failure with multimodal data (Hemson et al. 2005). 
Additionally, we used 50% of all fixes to create core area estimates. For MCP’s, we also 
used 95% of all spatial points to create home range estimates following standard protocol. We 
created home range and core area polygons for groups in each season in R using the package 








Figure 3: Seasonal Home-Range Estimates Overlaid EVI Images. 




















Figure 4: Seasonal Core-Area Estimates Overlaid EVI Images. 
Core-area estimates for each group (using 50% KDE) overlaid seasonal EVI images. 
 
Statistical Analysis 
All statistical analysis were carried out using Program R 3.6.1 (R Core Team 2020). We 
used the areas from the MCP’s, 95% KDEs, and 50% KDE’s to compare differences in home- 
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range and core-area size across resource abundant and resource scarce seasons (Table 1). We tested 
for significant differences in home range and core area by seasons using paired t-tests in the rstatix 
package (Kassambara 2020). We further investigated the effect of seasonal resource availability on 
home-range and core-area size using linear mixed effects models. We used EVI data as a proxy for 
food availability; therefore, EVI was our fixed effect. To account for the inherent variation in 
home-range size between groups, we selected group as our random effect. Seasonal EVI values 
were clipped to each group’s home range using the crop function in the raster package (Hijmans 
2020). We then averaged the cropped pixels to calculate individual mean EVI values for each 
group’s home range in each season (e.g., Figure 5). Linear regression mixed model analyses were 
carried out using the nlme package (Pinheiro et al. 2017). We further investigated the effects of 
food availability on forest space use by looking into the degree of overlap between group’s home 
ranges and core areas by season. We used the overlap function in the adehabitatHR package 







Figure 5: Average EVI Value of Group 2’s 2008 Home Range During Resource Scarce 
Season. 
Each pixel touched by or included in the group’s home range polygon was included in its seasonal 
EVI value. Group 2’s 2008 average resource scarce EVI value was 2.75. 
 
Results 
Seasonal Changes in Home-Range and Core-Area Size 
A group’s home-range area in the resource scarce season was generally smaller than in the 
resource abundant season (Figure 6); however, there was considerable variability by group. There 
were exceptions to this trend; for example, Group 3’s home range remained steady or even 
increased in the resource scarce season (Figure 7, Table 1). The difference in area between the 
abundant and scarce seasons was significant using the 95% and 50% fixed kernel estimates (p = 





Figure 6: Home Range Estimates in the Resource Abundant and Scarce Seasons. 
Home range estimates using KDE for each group averaged over resource abundant and scarce 






Figure 7: Home-Range Estimates by Year in the Resource Abundant and Scarce Seasons. 











Table 1: Seasonal Home-Range and Core-Area Estimates. 
List of sifaka group home range and core area in each season by year using 95% KDE, 95% MCP, 
and 50% KDE. 
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Kernel density estimates produced larger home ranges than MCP’s (Figure 8). The mean 
home-range size during the resource abundant season ranged from 7.5 to 30.5 with a mean of 
19.3 ha using KDE and 3.3 to 22.7 with a mean of 13.2 ha using MCP. The mean home-range 
size during the resource scarce season ranged from 2.7 to 28.0 with a mean of 17.2 ha using 
KDE and 1.3 to 21.1 with a mean of 12.1 ha using MCP. Additionally, the core area using 50% 
KDE ranged from 1.3 to 9.9 with a mean of 5.6 ha during the resource abundant season and 0.7 
to 8.1 with a mean of 4.8 ha during the resource scarce season. The results of our linear mixed 
effects models showed that EVI was a significant, positive predictor of home-range size using 
KDE’s (β = 0.706, SE = 0.339, CI = (0.0263, 1.39), P = 0.042) and core-area (β = 0.272, SE = 
0.123, CI = (0.0258, 0.517), P = 0.0309) , but it was not a significant predictor of home range 




Figure 8: Home Range Estimation Method Comparison. 




Figure 9: Linear Relationship of Home Range and Core Area by Averaged EVI with 
Standard Errors. 
EVI was a significant, positive predictor of home range (β = 0.706, SE = 0.339, CI = (0.0263, 
1.39), P = 0.042) and core area (β = 0.272, SE= 0.123, CI = (0.0258, 0.517), P = 0.0309) size 
using KDE’s, but it was not a significant predictor of home range using MCP’s (β = 0.363, SE 
= 0.302, CI = (-0.242, 0.968), P = 0.2344). 
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 Our seasonal home-range estimates show variation in home-range size and location with 
EVI values ranging from 2 to 7.5 spectral index (Figure 3). We observed a contraction of home-
range size in some resource scarce seasons but not all. Additionally, our seasonal core-area 
estimates seasonal range shifts (Figure 4). 
While there was a much higher degree of home-range fidelity (95% KDE) between 
seasons of a year than between core area (50%), the overlap between a group’s home range in 
each season was consistently greater than the overlap between a group’s core area. In some 
cases, (e.g., group 4 in 2014) there was no overlap in the group’s core area for the two seasons of 






Table 2: Seasonal Home-Range and Core-Area Percent Overlap. 
Groups’ home-range and core-area overlaps between resource abundant and scarce seasons. The 
abundant column shows the percentage of the abundant home range or core area that overlaps 
with the groups home range or core area in the scarce season. The scarce column shows the 
percentage of the scarce home range or core area that overlaps with the groups home range or 
core area in the abundant season. 
 
Discussion 
Verreaux’s sifaka home ranges are generally smaller than other sifakas, especially those 
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in the rainforest (Gerber, Arrigo-Nelson, Karpanty, Kotschwar, and Wright 2012; Irwin 2008). 
We found that over the period, yearly home-range area estimates ranged from 8.5 to 27.8 ha 
(Table 3). This agrees with estimates from other studies of P. verreauxi with yearly estimates 
(Richard, 1974). However, our study illustrates the importance of both collecting data in and 
analyzing home-range area by seasons when there are vast differences in food availability. Our 
home-range area estimates are in line with others estimates on Verreaux’s sifaka (Norscia et al. 
2006; Richard 1974). However, these studies analyze movements on a very short time scale 
compared to our 8 years of data. Additionally, this study is also unique because this forest is 
comprised only of tropical dry deciduous forest whereas other locations where P. verreauxi have 
been studied contain gallery forest (Norscia et al. 2006; Richard 1974). The groups observed in 
this study likely experience even harsher dry seasons due to the limited moisture availability in 









Table 3: Yearly Home-Range and Core-Area Estimates. 
Yearly group home-range and core-area size (hectares) using 95% KDE. 
 
Given that we expected Verreaux’s sifaka home-range size to reflect food availability, we 
expected all sifaka home-range areas in the resource scarce season to be smaller than their 
respective resource abundant season areas. We found home-range and core-area size to be 
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significantly smaller in the resource scarce season using KDE but not using MCP. Additionally, 
there were some groups that deviated from this pattern and had larger home ranges in resource 
scarce seasons. One possibility for this deviation could be group-size effects. We assumed that 
group size had no effect on home-range size given that the range in group size for this population is 
so small (2 – 6 individuals). If there are group size effects, perhaps groups with smaller home- 
range areas in the wet season maintain the same size home range in the scarce season. 
To better understand how environmental conditions may be driving primate space use and 
specifically, home-range area, we related a measure of sifaka food availability (EVI) to home-
range size. EVI was a significant predictor of home-range and core-area size for sifaka groups in 
this study area. As EVI decreases, group home-range size contracts. This supports our original 
hypothesis that groups contract their home range and core area during the resource scarce period. 
This is likely due to their reliance on fallback foods in their environment during the resource scarce 
season. The fact that EVI was a significant predictor of home-range size using KDE but not using 
MCPs supports the view that MCPs are biased and of limited biological significance (Figure 7) 
(Burgman and Fox 2003; Wartmann et al. 2010). MCP appears to generally underestimate home-
range size of Propithecus verreauxi (Figure 8). 
Environmental changes that result in food scarcity seem to not only result in range 
contraction but also range shifts. If mature leaves were the only important resource during the 
scarce season, we would expect the range to contract in size within the same location; however, 
shifts in core area suggest other factors are driving sifaka space use during this season (Figure 4). 
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Although mature leaves are the primary resource for sifaka during the scarce season, they 
do consume other food items such as seeds and flowers (Norscia et al. 2006; Yamashita 2008); 
should a valued rare resource be located nearby, the group may spend substantially more time at 
that location. Baobab seeds are a key high value resource for sifaka during the scarce season 
(Rebecca Lewis personal communication 2020), but the handling time for extracting seeds from 
baobab fruits is very high for sifaka. Sifaka groups that have baobob trees in their territory likely 
spend long periods of time eating and resting in these trees in the scarce season. 
Studies of Verreaux’s sifaka in other locations such as Beza Mahafaly Special Reserve and 
Kirindy Forest CFPF have found nutrient availability in each location to be similar in both the 
resource abundant and scarce seasons (Norscia et al. 2006; Yamashita 2008). Similarly, Irwin et al 
(2014) found the nutritional quality of foods available for Diademed sifaka in rainforest to be 
equivalent throughout the year. Both rainforest and dry forest sifaka lose body mass during the 
scarce season because of decreased consumption, not decreased nutrient availability (Irwin 2008; 
Lewis and Kappeler 2005; Richard et al. 2000). Both Irwin et al. (2014) and Yamashita (2008) 
suggest that sifaka may be food limited in the scarce season by the amount of leaves they are able 
to ingest either due to toxic and/or plant secondary metabolites or because of slowed digestion due 
the toughness of plant material consumed during the dry season (Irwin et al. 2014; Yamashita 
2008). Our data support this hypothesis as one would expect calorically limited animals to reduce 
travel and spend long periods of time resting after meals to process the high amount of fibrous, leaf 
matter consumed. 
Foraging models for highly folivorous primates must consider the foliar nutrient value, 
digestibility, and level of secondary plant metabolites. Optimal foraging models often do not 
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align with primate foraging strategies because of the variety of food items primates consume, 
and because the digestibility of these items is more important than the rate at which they are 
consumed (Garber 1987). The primary resource for sifaka during the dry season, mature 
leaves, is less nutrient dense and harder to digest than the preferred young leaves; see Table I 
in Lambert and Rothman (2015). Additionally, optimal foraging models are based on costs 
and benefits to individual forages and do not consider group-based movements (Smith et al. 
1983). Sifaka coordinate movements as a cohesive unit and foraging decisions are influenced 
by factors not accounted for by optimal foraging models. 
Our study shows the value of using remotely sensed data to better understand primate 
spatial use at small, as well as at long temporal scales. EVI provides a measure of food 
availability that, when combined with on-the-ground locational data, increases our understanding 
of primate space use. Our findings were consistent with other sifaka studies that show sifaka 
contract their home-range and core-area size during the resource scarce season (Irwin 2008; 
Norscia et al. 2006; Richard 1974) but we also highlight the importance of collecting home range 
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